Heterosis has been widely exploited in animal and plant breeding to enhance the 21 productive traits of hybrid progeny of two breeds or two species. Although, 22 there were multiple models for explaining the hybrid vigor, such as dominance 23 and over-dominance hypothesis, its underlying molecular genetic mechanisms 24 remain equivocal. The aim of this study is through comparing the different 25 expression genes (DEGs) and different alternative splicing (DAS) genes to 26 explore the mechanism of heterosis. Here, we performed a genome-wide gene 27 expression and alternative splicing analysis of two heterotic crosses between 28 donkey and horse in three tissues. The results showed that the DAS genes 29 influenced the heterosis-related phenotypes in a unique than DEGs and about 30 10% DEGs are DAS genes. In addition, over 69.7% DEGs and 87.2% DAS 31 genes showed over-dominance or dominance, respectively. Furthermore, the 32 "Muscle Contraction" and "Neuronal System" pathways were significantly 33 enriched both for the DEGs and DAS genes in muscle. TNNC2 and RYR1 genes 34 may contribute to mule's great endurance while GRIA2 and GRIN1 genes may 35 be related with mule's cognition. Together, these DEGs and DAS genes provide 36 the candidates for future studies of the genetic and molecular mechanism of 37 heterosis in mule. 38 39 Key words: Heterosis, different expression genes, different alternative splicing 40 genes 41 63 were investigated at the transcription level from the point of gene expression. 64 65
Introduction 43
Heterosis refers to the phenomenon that hybrids exhibit superior performance 44 such as stress resistance, growth rate, and biomass production relative to either Then, the ROIs were aligned to the correspond reference genome using GMAP 147 (v 2015-12-31) (Wu and Watanabe, 2005) . The high error rate of long reads 148 were corrected by TAPIS (https://bitbucket.org/comp_bio/tapis). Then the 149 differentially alternative splicing events were visualized using R package Gviz 150 (v 1.18.1) (Hahne and Ivanek, 2016) . Overview of the gene expression level in the tissues of brain, muscle and 154 skin from mule 155 To explore the effects of differentially gene expression on heterosis in mule, the 156 RNA-seqs were performed between the hybrids and either of their parents. After 157 removing the adaptor and low-quality reads, over 427, 601 and 482 million 158 clean reads were obtained from the tissues of brain, muscle and skin, 159 respectively. The average mapping ratios in the above three tissues were 160 91.50%, 90.22% and 91.81%, respectively. The expression profile of 24,331 161 DEGs identified among those three tissues with log2 transformed > 1 and 162 normalized by DEseq2. The correlation analysis of gene expression was 163 implemented, it indicated that all samples were clustered by tissues firstly, and 164 then the same species tended to be cluster together ( Figure 1B) . The similar 165 pattern of results were shown from Principal Component Analysis (PCA) 166 ( Figure S1 ). 168 A total of 3,689, 7,044 and 6,637 DEGs (adjust-p < 0.05) were identified from 169 the tissues of brain, muscle and skin between mule and horse, respectively, in 170 which 2,162 (58.6%), 3,442(48.9%) and low-parent dominance modes, respectively ( Table 2 ). We also found the 196 expression patterns of gene in the tissues of brain, muscle and skin from mule (Table S1 , and 204 Figure S3 , S4, S5). The DEGs identified from the tissues of muscle, brain and 205 skin in hybirds were significantly enriched in "Muscle contraction", "Neuronal 206 System" and "DNA Repair" pathways, respectively.
167

Analysis of DEGs between the hybrids and either of their parents
Identification and Characterization of differential alternative splicing 208 events 209 A total of 2,241, 2,657 and 1,973 AS events were identified from 1,240, 1,674 210 and 1,330 genes in the tissues of muscle, brain and skin from mule, respectively 211 ( Figure S6 ). The samples were clustered by tissue type firstly based on the gene 212 alternative splicing (PSI value) and then the same species were tended to cluster 213 together ( Figure 2A ), which is consisted with the results of gene expression.
214
Similarly, the genes with DAS in hinny were also detected in the three tissues as 215 mentioned above (Table 3 ). The genes with DAS events were also divided into 216 four categories based on the same standards as the expression profiles of genes 217 and the inclusion level of the alternative splicing events: the high-parent 218 dominance, low-parent dominance, over-dominance, and under-dominance.
219
( Figure 2B and Table4). As depicted in Table 4 , the highest proportion of genes 220 with alternative splicing events in the above three tissues showed high-parent 221 dominance, followed by low-parent dominance, Under-dominance and Over-222 dominance. The results of pathway enrichment analysis on genes with DAS in 223 mule showed that "Muscle contraction", "Neuronal System" pathways were 224 significantly enriched in the tissues of muscle and brain, respectively (Table S2, Combining the analysis results of DEGs and genes with DAS, we found 5.8-232 11.2%, 3.4%-10.9% and 4.0%-12.6% DEGs with DAS from the tissues of 233 muscle, brain and skin between mule and hinny ( Figure S10 ). Furthermore, we 234 also found DEGs and genes with DAS identified from the tissue of muscle were Figure S11 ) and this isoform expressed in the tissue of muscle is more than two 248 times than in horse. In addition, The RYR1 gene was also been detected in this 249 pathway, it has higher expression level in skeletal muscle than in other tissues 250 ( Figure 4B ). The RYR1 gene is in the same condition which contained a SE 251 events in chr10:9571134-9571148 ( Figure 4D and Figure S12 ). In comparison 252 with the expression level of this gene in mule, it is more than twice as much as 253 horse. An exon skip event was also detected in RYR1 when it is expressed in the 254 muscle tissue of the horse, while the exon tends to remain as it is expressed in 255 mule ( Figure 4D ). Similarly analysis were conduct on the tissue of brain, a total Comparative analysis between hybrids and either of their parents 278 We identified a subset of differentially expressed genes in the tissues of brain, 279 muscle and skin between hybrids and either of their parents through the analysis 280 of comparative transcriptome. The correlations of gene expression level and 281 genes with alternative splicing events were first clustered in the same tissue and 282 then clustered in one species, it showed that samples we collected were relative 283 reliable. The gene expression profiles in the tissues of brain, muscle and skin 284 from mule and donkey were clustered together, while the gene expression 285 profiles in the tissue of brain from hinny and horse were clustered together. And 286 the phenomenon extends to genes with alternative splicing events. These results 287 suggested that there are much more difference between mule and hinny at the 288 level of gene expression, although the genetic materials are same between in 289 mule and hinny. Moreover, DEGs were mainly showed over-dominace while 290 the proportion of genes with DAS exhibited dominace is higher than other 291 models. These difference caused by gene expression profiles and alternative 292 splicing events may be the genetic basis of heterosis in the mule.
293
Differential alternative-splicing contribute to the heterosis of hybrids 294 Alternative splicing events are often correlated with the diseases in human when 295 the proportion of isoforms is mis-regulated. For example, if the proportion of 296 distinct isoforms generated from Titin gene is abnormal, it can lead to heart 297 disease in human adults (Guo et al., 2012; Li et al., 2013) . In this study, we 298 performed a genome-wide analysis of genes with DAS at the transcriptional 299 level. We first identified genes with DAS in different tissues from the same 300 specie through comparative transcriptome analysis, and then compared those , 1997; Strausberg et al., 2002) . In 322 addition, TNNC2 gene acts as a calcium release channel in the sarcoplasmic 323 reticulum and a connection between the sarcoplasmic reticulum and the 324 transverse tube (Fujii et al., 1991; Yan et al., 2015) . RYR1 plays a signal role in 325 embryonic skeletal muscle formation. There is a correlation between RYR1 326 mediated Ca 2+ signaling and expression of multiple molecules involved in key 327 myogenic signaling pathways, with less type I muscle fibers when the amount 328 of RYR1 is reduced (Filipova et al., 2016) . Skeletal muscle fibers can be divided 329 into two types: slow contraction type (type I) and fast contraction type (type 330 II) (Talbot and Maves, 2016) . Type I muscle fibers contract more effectively 331 over a long period of time and are used primarily for posture maintenance such 332 as head erection or endurance training such as marathon running (Saltin et al., 333 1977; Yong-Xu et al., 2004) . Type II muscle fibers can utilize anaerobic 334 respiration and erupt faster than type I fibers, but they also fatigue more quickly 335 (Zierath and Hawley, 2004) .
336
In brief, our results indicated that alternative splicing events are linked to the 337 heterosis in hybirds. Further experimental verification will be required to reveal 338 the regulatory mechanism of mRNA splicing on gene regulation in hybrids and 339 either of their parents. in the tissues of muscle, brain and skin from mule, hinny and their parents. the clustered 472 results of genes with differential alternative splicing events among species are shown on 473 the top, while the clustered results genes with differential alternative splicing events 474 among species are shown on the side.
475
(B) Hierarchical clustering display of DAS genes with the ratio of intensity according to 476 expression patterns among horse, donkey mule and hinny. The color scale is shown at the 477 top and the mode of gene action is shown in the side. Lane 1 represents intensity ratios of 478 mule to horse; Lane 2, intensity ratios of mule to donkey; Lane 3, intensity ratios of horse 479 to donkey. Lane 4 represents intensity ratios of hinny to horse; Lane 5, intensity ratios of 480 hinny to donkey; Lane 6, intensity ratios of horse to donkey.
481
(C) The KEGG pathways enriched by the genes that following the hypothesis of over-482 dominance.
483
(D) The KEGG pathways enriched by the genes that following the hypothesis of dominance. Additivity, mule or hinny = 1/2(horse+donkey); non-additivity, mule or hinny > 504 1/2(horse+donkey) or mule or hinny < 1/2(horse+donkey). High-parent dominance, mule or Table 4 : The classification of genes with differentially splicing events 514 following the expression patterns of genes. 515 Hybirds represents mule or hinny; P, paternal lines represent male horse or male donkey; M, 516 maternal lines represent female horse or female donkey.
517
Additivity, mule or hinny = 1/2(horse+donkey); non-additivity, mule or hinny > 518 1/2(horse+donkey) or mule or hinny < 1/2(horse+donkey). High-parent dominance, mule or 519 hinny = P > M or mule or hinny = M > P; low-parent dominance, mule or hinny = P < M or 520 mule or hinny = M < P; over-dominance, mule or hinny > P and mule or hinny > M; under-521 dominance, mule or hinny < P and mule or hinny < M 522 523 524 Table 1 The distribution of differentially expressed genes across the tissues of muscle, 528 brain and skin in the mules, hinnies and their parents. 
